Polymerization of C-terminally truncated

Mycobacterium tuberculosis
FtsZ is unlikely to be physiologically relevant Mycobacterium tuberculosis FtsZ (MtbFtsZ) exhibits unusually slow polymerization kinetics in vitro (White et al., 2000) . Recently, Anand et al. (2004) hypothesized that removal of the non-conserved C terminus would bestow rapid polymerization to MtbFtsZ, comparable to the much faster-polymerizing Escherichia coli FtsZ (EcFtsZ) (Mukherjee & Lutkenhaus, 1999) . Indeed, MtbFtsZ(DC169), in which the last 169 residues were deleted (D211-379; Fig. 1 ), was found to polymerize much faster than wild-type MtbFtsZ (Anand et al., 2004) . It also formed polymers that were 1?5-times thicker and that exhibited an altered morphology, compared with wild-type MtbFtsZ protofilaments (White et al., 2000) . We show here, however, that the three-dimensional structure of MtbFtsZ(DC169) is so perturbed -the truncation exposes a large hydrophobic patch that is normally buried (Fig. 2) that polymerization of MtbFtsZ(DC169) is unlikely to be physiologically relevant. The cause(s) of the slow polymerization of wild-type MtbFtsZ must therefore be sought elsewhere.
Three FtsZ crystal structures have been determined: Methanococcus jannaschii FtsZ (MjFtsZ) (Lowe & Amos, 1998) , Pseudomonas aeruginosa FtsZ (PaFtsZ; complexed to the inhibitor SulA) (Cordell et al., 2003) and, most recently, MtbFtsZ (Leung et al., 2004) . FtsZ exhibits significant structural (Nogales et al., 1998b) and functional (Addinall & Holland, 2002) homology to eukaryotic tubulins. Like tubulin, FtsZs comprise three regions (Fig. 1) , the first two of which are conserved (Fig. 3) . The N-terminal or GTPase domain (MtbFtsZ residues 1-217) contains the active site, which is encircled by seven conserved 'tubulin' T loops that supply key guanine nucleotide binding and catalytic (GTP hydrolysis) residues. In particular, loop T7 (residues 201-210) is supplied in trans to complete the active site as FtsZ subunits polymerize along the longitudinal (protofilament) direction, as demonstrated by mutagenesis (Lu et al., 2001; Scheffers et al., 2002; Wang et al., 1997) , and as visualized in the EM structure of tubulin ( Fig. 1) (Nogales et al., 1998a) . The C-terminal domain (218-312) packs against the N-terminal domain by burying a hydrophobic interface that is contiguous with the hydrophobic cores of the two separate domains (Fig. 2) . Both the N-and C-terminal domains are structurally homologous to the corresponding segments in tubulin; this homology implies that both these domains make subunit-subunit interactions in FtsZ polymers, as they do in microtubules (Li et al., 2002; Lowe et al., 2001; Nogales et al., 1998a) . In contrast, the C-terminal tail region (313-379) is mostly not well-conserved between different FtsZs (Fig. 3) . This region, which is mostly or completely disordered in all FtsZ crystal structures (Leung et al., 2004) , appears to adopt a variety of extended conformations that can interact with other proteins such as ZipA (Mosyak et al., 2000) and FtsW (Datta et al., 2002) to form the septation assembly.
The two ordered FtsZ domains are structurally well-conserved, as is their interaction with one another. For example, the N-and C-terminal domains of MtbFtsZ and PaFtsZ/MjFtsZ align with r.m.s. deviations of 1?0/1?2 Å (210/209 C a atoms) and 1?2/1?3 Å (92 C a ), respectively; most of the differences are due to mobile surface loops. Together the two domains align with an overall r.m.s. deviation of 1?2/1?4 Å (299/300 C a ), demonstrating that the relative disposition of the two domains is also well-conserved.
Removal of MtbFtsZ residues 211-379 therefore removes both the conserved C-terminal domain and the non-conserved C-terminal tail (Fig. 3) . Whereas a tail truncation mutant [i.e. MtbFtsZ(DC68)] may serve as an appropriate probe of the slow polymerization characteristics of MtbFtsZ, removal of the C-terminal domain as well changes the overall structure of FtsZ so as to render results obtained with MtbFtsZ(DC169) artefactual. Indeed, the polymerization characteristics of MtbFtsZ(DC169) are likely non-physiological for three reasons.
First, removal of the C-terminal domain exposes a large hydrophobic patch on the remaining N-terminal domain in MtbFtsZ(DC169), and would therefore be expected, on structural and biophysical grounds, to create a non-physiological protein prone to aggregation. Notably, MtbFtsZ(DC169) had to be purified under denaturing conditions and then refolded (Anand et al., 2004) , unlike wild-type MtbFtsZ (White et al., 2000) . The N-and C-terminal domains are connected by an extensive buried, hydrophobic interface, as illustrated in Fig. 2 Second, removal of the C-terminal domain would destabilize the conformation of the conserved loop T7. Loop T7 is critical to proper GTP hydrolysis and FtsZ polymerization (Lu et al., 2001; Scheffers et al., 2002; Wang et al., 1997) . Of the only ten hydrogen bonds that link the N-and C-terminal domains, seven cluster tightly between the tip of loop T7 and the C-terminal domain. Furthermore, in MtbFtsZ(DC169), N-terminal domain residues 211-217, which form helix H11 and the link to the C-terminal domain, are also deleted. It is unclear how the conformation of T7 can be maintained in the absence of its connections with both the N-and C-terminal domains.
Third, the tubulin protofilament EM structure (Nogales et al., 1998a) strongly suggests that the C-terminal domain makes substantial intersubunit longitudinal contacts in the FtsZ polymer (Fig. 1) . These contacts may not be critical to polymerization, but their loss would likely affect the kinetics of polymerization. Figures were generated with Ribbons (Carson, 1991) , GRASP (Nicholls et al., 1991) , ESPript (Gouet et al., 1999) 3 . Most of the residues deleted in MtbFtsZ(DC169) are conserved. MtbFtsZ residues 188-379 are aligned with EcFtsZ, PaFtsZ and MjFtsZ. Secondary structure and solvent accessibility (white, buried; blue, accessible) are noted. Identical residues are boxed in green; homologous residues are brown, and non-conserved residues are red. Loop T7 is marked by red stars. The ordered MtbFtsZ structure ends at Phe-312 (purple star), which marks the end of the C-terminal domain. The substantial sequence conservation prior to residue 312 indicates that the three-dimensional structure of EcFtsZ is very similar to the other FtsZs in this region.
